Following the previous finding that drought occurred in summer monsoon over India synchronizing with the Equatorial Indian Ocean Oscillation (EQUINOO) negative phase and El Niño, a full analysis of moisture transport is carried out to explore the mechanism of the drought. It is suggested that the key component of relating the drought with the EQUINOO negative phase and El Niño tends to be a suppressed moisture convergence over the Arabian Sea, which may yield a low moisture transport across the western coast of India and the consequent drought. Among the recent drought years, the drought in 2002 is considered to be special with respect to its month-long duration in July. The moisture transport to India was comparable with those in the other drought years, while the Hadley cell completely reversed and expanded a downward belt over India. Both EQUINOO negative phase and El Niño were at the extreme states in this period and are considered to be responsible for the anomalous Hadley cell and the 2002 drought.
Introduction
It has been proposed that summer monsoon over India is significantly influenced by atmospheric patterns in the equatorial region. In a recent study by Gadgil et al. (2004) , they suggested that drought events are highly correlated with equatorial atmospheric patterns such as the Indian Ocean Dipole mode (IOD) and El Niño. They claimed that the atmospheric component of the IOD termed as EQUINOO (Equatorial Indian Ocean Oscillation), which is characterized with the anomalous equatorial westerlies over the Indian Ocean, and its combined effect with ENSO, could result in an extreme drought year like 2002. The anomalously low rainfall years 1972, 1979, 1982, 1986, 1987 and 2002 (shown by all India Summer Monsoon Rainfall (ISMR) in Fig. 1 ) belong to this category: i.e., the EQUINOO had the negative phase, and El Niño was on. However, the relationship between ISMR and those equatorial atmospheric anomalies has to be proved yet. Behera et al. (1999) and Ashok et al. (2001 Ashok et al. ( , 2004 ) have established the impact of the IOD on the ISMR and the later authors have investigated the individual and combined effect of ENSO and IOD on the ISMR and suggested that the positive IOD reduces the impact of ENSO on ISMR. The necessary mechanism of these impacts, by means of large scale organized convection anomalies over the Indian Ocean, are described as well. However, an important feature observable from the circulation anomaly, during the negative EQUINOO period (mostly coexisting with the negative IOD), is a large scale anticyclonic circulation (or divergence) over the Arabian Sea (see the box shown in our Fig. 2 ). Since the moisture for the ISMR are being carried into the Indian Peninsula along the Arabian Sea (Mohanty et al. 1983 (Mohanty et al. , 1994 , this divergence has to be examined, which may in turn provide a connection between the aforementioned equatorial anomalies to the ISMR. In addition, the extreme drought of 2002 (which belongs to a negative EQUINOO period with a favorable phase of ENSO) fuels our motivation on this hypothesis.
It is evident that the 2002 mean rainfall was less than normal and an anomalously month-long drought existed in July. Flatau et al. (2003) has reported the delayed onset of the 2002 summer monsoon, and related this delay to the propagating bogus intraseasonal oscillation in early May. Moreover, the intriguing season of the 2002 summer monsoon caught unprecedented media attention (Jayaraman 2002) . Unlike usual drought years, the extreme drought year deserves special attention in their processes and mechanisms and is worth examining how different they are from those in the usual drought years.
Moisture availability and advection by prevailing monsoonal wind are precursors of subsequent rainfalls over the Indian Continent. In a series of studies, Mohanty et al. (1983 Mohanty et al. ( , 1994 Mohanty et al. ( , 2002 tried to establish the relation of moisture and surface heat budget over the Indian seas to the Indian summer monsoon. A contrast is made on meteorological fields over the Indian seas between the extreme monsoon years (wet vs. dry) based on monthly reanalysis data sets of the last 42 years by (Mohanty et al. 2002) . They reported a statistically significant region between air sea fluxes and wind over the Arabian Sea in the pre and summer monsoon epochs.
For a last few decades, relative contributions of moisture from the Arabian Sea and cross-equatorial flow to the Indian summer monsoon have provided a controversial topic (Hastenrath and Lamb 1980) . The importance of the Arabian Sea, which acts as a moisture source, and its role in the onset and maintenance of summer monsoon have been studied by Mohanty et al. (1983) .
The Hadley cell has to be established to generate the moisture convergence over the Arabian Sea. Hence, we analyze an atmospheric pattern over the Arabian Sea in a reanalysis field, and then, examine the moisture convergence over the Arabian Sea as well as the moisture transport onto India. The Hadley cell and the magnitudes of the moisture flux will be compared among the extreme drought in 2002 and the other drought years since 1972. This paper has the following structures: in section 2, the atmospheric data and the analysis method are introduced. In section 3, an atmospheric circulation pattern in the meridional section is examined, and then, a moisture convergence is deduced from the reanalysis data in relation to a vertical motion in the atmospheric circulation pattern. The moisture transport across the western coast of India is also deduced along with correlation with the convergence over the Arabian Sea and the rainfall over India. The results are discussed in section 4.
Data and method
An atmospheric moisture budget is estimated from sea surface flux and three dimensional advection in the atmosphere by using wind and humidity data derived by NCEP/NCAR (Kalnay et al. 1996) . The total moisture budget equation can be written as , where E is evaporation from the sea surface, P is precipitation, V is horizontal wind (ui , vj), z is altitude and l is the vertical level. Local change in moisture, which is the first term of the equation is neglected in the analysis, since it is much smaller than the others. The middle term in the equation represents the horizontal moisture convergence. It can be further split into wind-induced moisture convergence (related to ascending (descending) motion of air) and horizontal moisture advection as, A vertical integration of moisture convergence (divergence) from the sea surface to 800 hPa is employed for the troposphere, because that is the level Gadgil et al. 2004) . The area of the moisture analysis is shown in the box, as well as a straight line on the western coast of India for moisture transport onto India. years 1972 years , 1979 years , 1982 years , 1986 years , 1987 years and 2002 wherein the low level moisture convergence is prominent during the summer monsoon, and only large scale export of moisture takes place above 750 hPa (Mohanty et al. 1983 ).
Results

Large scale atmospheric circulation
It has been suggested that a suppressed convection over the Arabian Sea is related with an equatorial convection anomaly connected with combined effects of EQUINOO negative phase and El Niño. In Fig. 2 , an essential mechanism is shown for July 2002 as suggested by Gadgil et al. (2004) : i.e., the negative phase of the EQUINOO is characterized by the more intense convergence in the eastern side of the equatorial Indian Ocean and a weaker one in the western side. The equatorial convection is suppressed in the western side, from which the wind anomaly extends to a divergent anomaly in the Arabian Sea, and then, further to the Indian continent.
A meridional circulation pattern is examined including the area shown by the analysis box in the Arabian Sea. The atmospheric circulation is zonally averaged for July in (50°E:75°E) and shown in Fig. 3 This analysis has revealed that the 2002 summer monsoon is not only characterized by the extended drought, but also by the condition over the Arabian Sea and Indian continent favoring a drought monsoon, which was anomalous from the other drought years since 1972. The strengthened and northward stretched divergence in July 2002 is special compared to the other drought years. The westerly wind anomalies over the equatorial Indian Ocean are reasonably related with the divergence and the suppressed convection over the Arabian Sea.
Moisture budget over the Arabian Sea
In this study, we investigate in detail the moisture convergence over the Arabian Sea in the drought years 1972, 1979, 1982, 1986, 1987 and 2002 , when the EQUINOO had the negative phase, and El Niño was on, and hence, Hadley cell was extremely weak or reversed.
The surface moisture convergence is calculated over the analysis box in Fig. 2 and shown in Fig. 4 along with the vertically integrated moisture transport across the western coast of India. Here anomalies are plotted by subtracting the 30-year mean. The negative values refer to the weaker convergence or even divergence of moisture. The area averaged horizontal convergence (divergence) virtually implies the moisture ascend (descend) in the vertical column over the area under consideration. During the summer monsoon epochs, large scale moisture convergence usually occurs below 800 hPa, and moisture turns into clouds above 800 hPa as explored by Mohanty et al. (1983) . Thus, the surface moisture convergence yields accumulation of water in the low level of the atmosphere.
The moisture is anomalously diverged over the Arabian Sea for these drought years. Also the comparison of the moisture convergence of 2002 with those of the other drought years, we can see a true contrast. The moisture convergence (divergence) vertically integrated from the surface to 800 hPa show that year 2002 is characterized by the large scale moisture divergence in the lower troposphere compared to the other drought years. This should be viewed with the notion that the composite index of EQUINOO negative phase and El Niño was extremely negative during 2002 compared to the other drought years of the same category analyzed here. Thus the intensity of divergence over the Arabian Sea during 2002 was indeed related to these atmospheric anomalies in the equatorial Indian Ocean. Moreover, the prominent divergence in July 2002 is coherent with the extended drought spell of rainfall over the land.
It is useful to make a similar comparison in the component form of total moisture convergence according section 2. We have made the comparison of moisture advection and wind induced convergence (divergence) over the Arabian Sea. We note that total moisture advection from the neighboring region into the Arabian Sea is comparative among the drought years analyzed here (figure not shown). The contribution of the moisture advection to the total convergence is relatively small. In contrast, Behera et al. (1999) and Ashok et al. (2001 Ashok et al. ( , 2004 suggested that the excess ISMR during positive IOD years is associated with the crossequatorial moisture transport into the Bay of Bengal which is driven from the divergence region over the southeastern Indian Ocean. Here we note that the moisture advection into the Arabian Sea was comparative among the drought years analyzed here.
The moisture transport across the Indian continent is calculated on the western coast shown in Fig. 2 . A moisture buildup occurs at the beginning of June for all years, and corresponds to the deepening of moisture during the onset of the monsoon. It has been studied that the moisture flux entering through the western coast is positively correlated with the coastal rain fall (Cadet and Greco 1987) .
A quantitative comparison of moisture across the western coast of the continent and rainfall in total volume over the land is made, and they are found to be in the same order. The moisture across the western coast upto the lower troposphere is estimated as the order of 10 12 Kg/month in the climatological mean. For June, July, August and September, the amount of moisture crossing the western coast is estimated as (1.5, 2.7, 1.5 and 0.37) × 10 12 Kg. The volume of water precipitating over the land by estimation from the ISMR normal is (1.95, 3.0, 2.3 and 1.7) × 10 12 Kg for each of June, July, August and September. This agreement between ISMR and moisture across the continent indicates that a major source of moisture for the ISMR is transported across the western coast. Moreover during July 2002, the vertical distribution of moisture transport was actually reduced to a half compared to the mean value, and so does the rainfall. Thus, the anomalies are well reflected between the moisture flux across the western coast and the rainfall over the Indian continent.
Special event in 2002
We can see that the Arabian Sea moisture convergence (divergence) over the analysis area is highly correlated (0.47 0.73) with an increase (decrease) in the moisture transport across the western coast of India in all drought years except for 2002. The correlation was low (0.25) in 2002, because the convergence was extremely lower than the other drought years. This relative divergence developed during July-2002 and existed over a period of one month. The sustained divergence over the Arabian Sea affected the buildup of moisture and its advection across the western coast of India and also this divergence had, likely, been intensified by the anomalous Hadley cell structures with an intense downward motion over the Arabian Sea and India (Fig. 3) .
A correlation analysis is carried out on the rainfall anomalies from the climatology and anomalies of moisture convergence (divergence) in 2002 and shown in Fig. 4 (only for 2002) . The correlation between the ISMR anomalies and the Arabian Sea moisture convergence anomalies is 0.46 much higher than that between the moisture transport and the moisture convergence (0.25). The high correlation found between the ISMR and convergence anomaly for 2002 warrants the robustness of our analysis region and also indicates that the moisture anomalies arising over the Arabian Sea has a significant contribution to the subsequent rainfall. ISMR and convergence anomaly over the Arabian Sea are correlated for the years 2000 and 2001 as the rainfall data were available and are correlated with coefficients r=0.72 and 0.71, respectively. During July 2002, both convection and rainfall anomalies were persistent for a longer period of one month, with a lag of 7 days. The frequency of intraseasonal oscillations largely influences the seasonal mean (Goswami and Mohan 2001) .
Discussion and conclusion
As presented above, the moisture was anomalously divergent over the Arabian Sea during July-2002. The moisture convection was then suppressed over the Arabian Sea, the moisture transport to India was also reduced, and they were highly correlated with the ISMR. It is also evident in Fig. 4 that the Arabian Sea was occupied by a region of divergence during all the drought years. These years are dictated as the lowest composite index of the equatorial convection anomalies (or anomalous equatorial westerlies) associated with the EQUINOO negative phase as well as El Niño (Gadgil et al. 2004 ). The extreme drought in 2002 belongs to this composite. However, the downward belt in Hadley cell extended to the Indian continent. This unique feature seems responsible for the 2002 drought outstanding over the other droughts since 1972.
A possible reason of the moisture divergence and suppressed convection over the Arabian Sea during July 2002 can be related to existence of the high sea level pressure (SLP) anomaly during entire July over the Arabian Sea. The usual breaks in ISMR often occur following a propagation of high SLP anomalies from the eastern Indian Ocean to the west as fast moving Rossby waves. From the modeling experiments Krishnan et al. (2000) proposed that the life of the high SLP increases as the background westerly winds dominant over the westward propagation of the Rossby waves. Thus, it is likely that the westerly wind anomalies associated with EQUINOO cause the sustenance of the suppressed convection anomalies over the Arabian Sea for a longer duration in 2002. The proof of this hypothesis requires more modeling supports.
